19 • The carnivorous members of the large, hyperdiverse Caryophyllales (e.g. Venus flytrap, sundews 20 and Nepenthes pitcher plants) represent perhaps the oldest and most diverse lineage of 21 carnivorous plants. However, despite numerous studies seeking to elucidate their evolutionary 22 relationships, the early-diverging relationships remain unresolved.
INTRODUCTION 40
Carnivory in plants has long fascinated both the general public and evolutionary biologists. Charles
41
Darwin himself dedicated an entire volume to carnivorous species in his Insectivorous Plants (Darwin, 42 topology for all samples on the lane. Additionally, we examined matK sequences from the assembled 142 transcriptome coding DNA sequence (CDS) data. Using these sequences together with those obtained 143 from GenBank (Table S2 ) to represent each of the non-core families used in the analysis, we constructed 144 a phylogeny using maximum likelihood and the settings "-f a -# 200 -m GTRCAT -p 12345 -x 112233" 145 as implemented in RAxML (Stamatakis, 2014) . We were unable to recover matK from two of the 146 assembled transcriptomes (A. vesiculosa and P. auriculata) , and instead we ensured that the highest 147 GenBank BLAST hit was that of the same species A. vesiculosa (AY096106.1) and P. auriculata 148 (EU002283.1) respectively. Homology and orthology inference along with species tree estimation were carried out following 153 Yang and Smith (2014) , which is briefly summarized below. The exact commands and programs are 154 available either at https://github.com/jfwalker/JFW_NonCore_Caryophyllales for scripts involved in the 155 downstream analysis or at https://bitbucket.org/yangya/phylogenomic_dataset_construction for scripts 156 used in assembling the species tree. After the peptide and coding DNA sequences were reduced using cd-157 hit, we created six datasets to explore the influence of taxon sampling and sequence type. Three of the 158 datasets were made using the peptide data. One dataset consisted of all taxa; one dataset excluded 159 Ancistrocladus robertsoniorum and one dataset excluded Drosophyllum lusitanicum. We then created 160 corresponding nucleotide sequence datasets with the same taxon content. All steps for the homology 161 inference and species tree estimation were the same for all datasets, except where noted below. The first 162 step was an all-by-all BLASTP search, in the case of the peptide datasets, or an all-by-all BLASTN 163 search in the case of the nucleotide data, which was conducted with an e-value of 10. Putative homolog 164 groups were formed by retaining species with a hit fraction >0.4 and using Markov clustering as 165 implemented in MCL14-137 (Van Dongen, 2000) with the inflation value set to 1.4 and e-value cutoff of 166 5. Only clusters that had at least 4 taxa were retained.
167
Each cluster was then aligned using MAFFT v7 (Katoh and Standley, 2013) with "--genafpair 168 maxiterate 1000" and trimming of the alignments was conducted using Phyutility v2.2.6 (Smith and 169 Dunn, 2008) with "-clean 0.1". For sequence clusters containing less than 2000 sequences, the 170 phylogenetic trees were estimated through maximum likelihood as implemented in RAxML v8.2.3 171 (Stamatakis, 2014) with the model PROTCATWAG (AA) or GTRCAT (DNA). In the case of sequence 172 clusters larger than 2000 sequences, this was done with FastTree 2 (2.1.8) (Price et al., 2010) with the 173 WAG model (AA) or the GTR model (DNA). All single branches greater than 2 substitutions per site 174 were removed as these are likely the result of sequences being pulled together by error or conserved domains. We also removed all branches 10 times or greater in length than their sister branches in the homolog tree for similar reasons. In the case of clades, the analysis took the step-wise average from root 177 to tip and removed it if that was greater than 10 times the length of the sister and the tips of the same 178 species that appeared as monophyletic, indicating they were likely alternate transcripts or in-paralogs.
179
Further data refinement was done by removing all the monophyletic tips except the tip associated with the 180 sequence with the highest number of aligned characters after trimming (i.e. most informative) data. The 181 sequence data were then removed from the homolog trees and the process was repeated a second time, to 182 further clean the data.
183
The support for the homolog trees was analyzed after the second round using the Shimodaira-
184
Hasegawa-like approximate likelihood ratio branch test (Anisimova et al., 2011) as implemented in 185 RAxML, for downstream analysis only branches with (SH-Like => 80) we considered informative. Then 186 one-to-one orthologs were identified from the homolog trees (Yang and Smith, 2014), using B. vulgaris 187 and S. oleracea as outgroups, both of which are in the core Caryophyllales and have genome information.
188
The ortholog trees produced from these methods were then used to extract the amino acid sequence data 189 associated with the given ortholog tree. A dataset was created from one-to-one orthologs containing no 190 missing taxa. Each ortholog produced from each method was then individually aligned using PRANK 191 v.140603 with default parameters (Löytynoja and Goldman, 2008 To conduct the analysis, we used the 1237 orthologs identified in the nucleotide dataset and first 203 found the genes whose gene tree matched the species tree. From the 135 genes that met this criterion, we 204 calculated the variance from each tip to root, using pxlstr from the Phyx package (Brown et al. in review) .
205
The dating analysis was conducted using BEAST (ver. 1.8.3) (Drummond and Rambaut, 2007) on the 206 three genes with the lowest variance as they represent the genes evolving in the most clocklike manner.
207
We used the GTR+G model of evolution and a birth-death tree prior. We calibrated the clade containing 208 the genera Aldrovanda and Dionaea with a lognormal prior with offset 34 and a mean of 0 and standard deviation of 1 based on a fossil Aldrovanda (Degreef, 1997) . Because of the low root to tip variance for 210 the three genes (~0.0004), we used the strict clock model for the rates of evolution. We ran the MCMC 211 for 10,000,000 generations and the first 1,000,000 generations were discarded as the burn-in. We 212 summarized the topology as the maximum clade credibility tree.
214
Gene Family Size Analysis-
216
Two sets of gene families were analyzed, one for the overall largest gene family and one for the 217 gene families previously associated with the adaptation to carnivory in a differential gene expression 218 study (Bemm et al., 2016) . To identify the overall largest family, we found the inferred homolog trees that 219 had the largest number of tips, and annotation was done by taking a representative sample from the 220 homolog tree and finding the highest hit on NCBI blast database. For the carnivorous gene families,
221
representative samples from the genes identified in Bemm et. al were downloaded from Genbank (Table   222 S3). A blast database was created from the downloaded samples and BLASTP was used to identify their 223 corresponding sequences, which were then found in the homologous gene clusters. The number of tips 224 were counted for each homologous gene tree to identify the size of the gene family and number of genes 
235
These duplications were then used to create a phylogenetic tree by creating a shared presence matrix from 236 existing duplications and correcting for distance by taking (1/number of shared duplications). The 237 distance matrix was used to create a phylogenetic tree following the Neighbor-Joining method (Saitou N, 238 1987). The modified version of phyparts and script (GeneJoin.pl) that creates a phylogenetic tree from 239 that output can be found at (https://github.com/jfwalker/JFW_NonCore_Caryophyllales).
241

Analysis of Gene Tree Conflict-
243
The one-to-one orthologs recovered from the homolog trees were used to analyze the gene 244 tree/species tree conflict at all nodes and this analysis was performed on all six datasets, with their 245 respective gene trees and species tree being used for each individual analysis. The orthologs were all 246 rooted based on S. oleracea and B. vulgaris using the phyx program pxrr (Brown et al., 2017) . The rooted 247 one-to-one ortholog trees were then compared to the species tree using phyparts with only informative 248 branches being counted. The output of phyparts was used to identify the amount of conflict at each node 249 along with the dominant alternative topology.
251
Inferring genome duplication events-
253
To infer potential genome duplication events, we visualized the number of synonymous 254 substitutions that were found between the paralogs with all of the taxa. The process was carried out using 
267
To infer the phylogenetic locations of genome duplications, we used a comparison of the genome 268 duplication events identified from paralogs mapped onto the Ks plots of multiple species made from the 269 reciprocal blast hits. The process was carried out using the script MultiKs.pl, which can be found at The monophyly of the non-core Caryophyllales was supported in both the concatenated 312 maximum likelihood supermatrix (Fig. S1 ) and the maximum quartet support species tree (MQSST) 313 reconciliations (Fig. S2) , regardless of taxon sampling or molecule type used in the analysis. The 314 divergence of this group appears to have occurred ~90 mya ago, with adaptation of carnivory arising ~75 315 mya (Fig. 1) . A general trend was that branches of high conflict resulted in shorter branch lengths for both 316 the concatenated supermatrix and the MQSST analysis (Fig. S1,S2) . A clade of Frankeniaceae and
317
Tamaricaceae was supported as sister to the remaining non-core Caryophyllales in all datasets by most 318 gene trees. In the case of the ALLTAX AA dataset, the branch supporting this as the lineage sister to 319 everything else showed a large amount of conflict with ~15.4% of genes supporting the topology, ~14.6% 
331
All datasets revealed a strongly supported (BS = 100%) clade consisting of the carnivorous 332 families and the non-carnivorous family Ancistrocladaceae. In the case of the AA ALLTAX dataset the 333 majority of the well-supported gene trees (~57%) were concordant with the species tree topology, with 334 similar results for all other datasets. In all cases, Droseraceae and Nepenthaceae were each monophyletic 335 (Fig. 2) . The main discordance in the species tree topology involved the placement of Drosophyllaceae 336 (Fig. 2) . When all taxa were included Drosophyllaceae was sister to Ancistrocladaceae, a relationship that 337 is well supported by concordant gene signal in both the AA dataset (72.5%) and the CDS dataset (93.7%).
338
However, the placement of the clade containing Drosophyllaceae and Ancistrocladaceae changed 339 depending on sequence type: for AA data it is reconstructed as sister to the Nepenthaceae, whereas for 340 CDS data it is sister to the rest of the carnivorous clade, albeit with no bootstrap support (Fig. 2) .
341
When Ancistrocladus was excluded from analyses, for both the AA and CDS datasets,
342
Drosophyllaceae appeared as sister to the rest of the taxa in the carnivorous clade (Fig. 2b,e ). The clade 343 containing Droseraceae and Nepenthaceae has a large amount of discordance with ~18% concordant and 344 32% conflicting for the AA dataset and ~20% concordant and ~22% conflicting for the CDS dataset. In both cases this was a node where many of the gene trees contained low Shimodaira-Hasegawa-Like 346 support (< 80%). When Drosophyllum was excluded from analyses, for both the CDS and the AA 347 datasets, Ancistrocladaceae appeared as sister to Nepenthaceae. Again, the node that defined this 348 relationship had a significant amount of conflict, where in the AA dataset ~25% of the gene trees showed 349 a concordant topology and ~24% showed a conflicting topology. With the CDS dataset ~22% of gene 350 trees were concordant with the species topology and ~24% gene trees were conflicting. Again in both 351 cases many of the gene trees did not have strong SH-Like (≥80) support for either topology. 
353
Analysis of potential hybridization and comparison of synonymous substitutions rates (Ks) between
364
Genome duplications and gene family sizes-
366
The single-species Ks plots showed that all the Caryophyllales have at least one peak around 2.0 367 ( Fig. S4 ). These plots also showed one additional peak for all taxa in non-core Caryophyllales except for 368 A. vesiculosa, which had two additional peaks, and both D. lusitanicum and Frankenia laevis did not 369 show any extra peaks. A comparison of Ks values between orthologs and paralogs for species pairs 370 showed that in the case of Plumbaginaceae and Polygonaceae, the genome duplication likely occurred 371 post speciation (Fig. 3) . This post speciation genome duplication received further support as the two 372 species only shared five unique gene duplications. This same comparison for representative species pairs 373 of Ancistrocladaceae-Nepenthaceae and Droseraceae-Nepenthaceae showed that these genome 374 duplications likely occurred after the divergence of the respective families in each pair (Fig. 3 ). An among 375 Droseraceae comparison showed the duplication to have occurred after speciation in Dionaea but before 376 speciation in Drosera (Fig. S5) . The peak for the duplication appeared to be before-speciation in a 377 comparison to Drosera and Aldrovanda (Fig. S5) . Overall, the shared unique gene duplications and Ks 378 plots support the inference of seven separate genome duplications across the non-core Caryophyllales, with six occurring after divergence of the families and none being uniquely shared by any two families in 380 the group (Fig. 3) .
381
An analysis of the size of homologous gene families on the AA ALLTAX dataset showed that the 382 largest gene family consisted of 3498 homologs (Table S4 ) and this family was associated with the 383 function "putative leucine-rich repeat receptor-like protein kinase". When further broken down into genes 384 that are associated with carnivory, we found that the largest of these gene families was the "Plant 385 Peroxidase" family (Table S5 ). On average, we did not find any specific gene family to have a 386 disproportionate number of duplicated genes in the carnivorous plants as compared to the rest of the 387 samples in the remaining non-core Caryophyllales, however, the plant peroxidase family has shrunk in the 388 carnivorous lineage.
390
Contamination checking and homology and orthology inference-
392
Three major steps were taken to ensure that we would minimize the possibility of contamination 393 in our samples. The first step was to extract the RNAs, prepare the sequencing libraries, and sequence the 394 samples on separate lanes at different times. This was done for all samples we processed in this study 395 other than Nepenthes alata, Drosera binata, and the previously published D. lusitanicum, which were 396 sequenced together on a single lane. The next step was to create one-to-one ortholog phylogenetic trees 397 out of the samples that were on the same lane, which showed most gene trees support previously accepted 398 hypotheses for the often distantly related species on the lane. The final step was to ensure that the matK 399 sequence from each of our assembled transcriptome shared the closest evolutionary relationship with a 400 matK sequence taken from the same genus for each sample (Fig. S6 ; Table S2 ).
401
The datasets were made of the following taxon compositions for both amino acid (AA) and 402 coding DNA sequence (CDS): all 13 taxa included (ALLTAX), all taxa except D. lusitanicum (NO 403 DROS), and all taxa except A. robertsoniorum (NO ANC). The two datasets with all 13 taxa revealed that 404 the inferred number of homolog clusters containing at least four taxa was the greatest using nucleotide 405 data (Table S6 ). This is in contrast with both datasets that consisted of 12 taxa, in which the amino acid 406 datasets inferred more homolog clusters than the nucleotide datasets. The complete taxa one-to-one 407 orthology inference was comparable between all datasets of different taxa composition, where each time 408 the amino acid dataset detected roughly 400 more one-to-one orthologs than its corresponding nucleotide 409 dataset (Table S6 ).
410
411
DISCUSSION 412
Discordance among species trees and gene trees-
414
Our transcriptome data confirm the monophyly of the carnivorous clade of Caryophyllales 415 detected in previous studies (Meimberg et al., 2000; Brockington et al., 2009 ) and imply an ancient origin 416 for the group, which our analyses suggest originated between 68-83 mya (Fig. 1) . Our analyses further 417 confirm that carnivory was the likely ancestral character state for the carnivorous clade, and that a 418 mucilage trap characterized the progenitor of this clade (Heubl et al., 2006) . Nevertheless, the subsequent 419 evolution of life history within the carnivorous clade is less certain because it depends upon the topology 420 of the earliest branches within the group, which have been unstable in previous analyses (Meimberg et al., 421 2000; Brockington et al., 2009; Hernández-Ledesma et al., 2015) .
422
The large datasets generated in our study provide unique insight into the sources of this 423 topological instability (Galtier and Daubin, 2008) . For example, the shifting phylogenetic placement of D. 434 lusitanicum or A. robertsoniorum (Fig. S3 ). This provides some evidence that something other than 435 hybridization may be the cause. However, full genome sequences would be necessary to improve 436 confidence in our ability to discriminate among these processes because they would allow for direct 437 association of phylogenetic signal over contiguous regions of chromosomal space (Fontaine et al., 2015) .
438
However, we did find that Ks values varied greatly between the D. lusitanicum and A. robertsoniorum 
